ABSTRACT The objective of this study was to investigate the reliability, feasibility and analytical impact of home-based measurement of forced vital capacity (FVC) and dyspnoea as clinical endpoints in idiopathic pulmonary fibrosis (IPF).
Introduction
Idiopathic pulmonary fibrosis (IPF) is a progressive diffuse parenchymal lung disease of complex aetiology [1] [2] [3] . Recently, two therapies (nintedanib and pirfenidone) that slow disease progression were approved for IPF, and most patients are now being offered these medications [4, 5] . This has complicated the clinical development pathway for novel therapies, most directly by slowing the rate of change in clinical endpoints and increasing the number of patients required to adequately power between-group comparisons.
Clinical endpoints in IPF trials have traditionally been measured every 3-4 months in an office-based setting by trained study coordinators. Forced vital capacity (FVC) remains the primary endpoint of choice in IPF clinical trials [6] , and symptom severity (e.g. dyspnoea), quality of life and survival time are routinely measured as secondary endpoints [7] . More frequent measurement of clinical endpoints could improve analytical precision and reduce sample size requirements for future clinical trials [8] , but requiring study subjects to return to the study centre weekly (or even monthly) has been considered a significant barrier to enrolment.
Mobile health tools now exist to allow for home assessment of many clinical variables, including FVC and symptom severity, but have yet to be adopted in clinical trials. Significant concerns relate to feasibility and data integrity, in particular when considering primary endpoints. However, recent data using hand-held spirometers to record daily FVC support the feasibility of home-based FVC assessment [9] . The objective of the current study was to further investigate the reliability, feasibility and analytical impact of home-based measurement of clinical endpoints in IPF, specifically FVC and dyspnoea. Secondary objectives were to characterise the short-term variability in FVC and dyspnoea measurements, and determine the correlation of change in FVC with change in dyspnoea.
Methods

Study population
Patients were prospectively recruited from the interstitial lung disease (ILD) programme at the University of California, San Francisco (UCSF). Eligibility criteria included having a diagnosis of IPF (according to current consensus guidelines) [1] , residing in the state of California and not concomitantly participating in a treatment trial of IPF therapy. The study was approved by the UCSF Institutional Review Board, and all patients provided written informed consent.
Study design
Patients were enrolled in a longitudinal cohort study lasting up to 40 weeks, involving a baseline visit followed by remote measurement of key clinical variables. At the baseline visit, each patient's age, sex and smoking history were recorded. Office-based spirometry to American Thoracic Society standards [10] was also performed, and the University of California, San Diego Shortness of Breath Questionnaire (UCSD-SOBQ) was completed [11] . Each patient was provided with a personalised hand-held spirometer (PMD Healthcare, Allentown, PA, USA) and received instruction in its use. The spirometer provided real-time feedback to the patient to ensure proper technique and to optimise compliance.
Hand-held spirometry was performed at the baseline visit and weekly at home for the duration of study involvement. Three FVC manoeuvres were performed at each assessment, with the highest value recorded by the spirometer. Prior to each use of the hand-held spirometer, patients completed the UCSD-SOBQ and a 10-point visual analogue scale (VAS) for dyspnoea severity (figure S1). Patients maintained a weekly diary documenting any unscheduled medical visits, any acute worsening of their respiratory symptoms and any changes to their medications over the prior week.
Statistical analysis
Means, proportions and standard deviations were used as appropriate to describe the study population. Adherence to home measurement was determined by the number of home measurements divided by the number of weeks enrolled in the study. Regression was used to identify factors associated with adherence, with candidate variables including baseline age, sex, lung function and symptom scores.
Change over 24 weeks in outcome variables was calculated by two methods: a between-group comparison of the change between the baseline and 24-week home measurements (method 1), and linear slopes estimated using linear mixed models based on all available weekly measurements (method 2). For method 2, week of measurement was included in the model. Baseline office-based and hand-held spirometry measurements were compared using the Bland-Altman method [12] . Similarly, the change in FVC from baseline to end of study, as measured by both office-based and hand-held spirometry, was compared.
Week-to-week variability in FVC, UCSD-SOBQ score and dyspnoea VAS was estimated using two measures: the subject-specific coefficient of variation, defined as the ratio of the standard deviation (SD) to the mean of all home measurements for each subject, and the absolute change in each measure from one week to the next. The relationships between the repeated week-to-week changes in FVC, UCSD-SOBQ score and dyspnoea VAS, both with each other and with age, sex, baseline lung function and symptoms scores, were estimated using linear mixed models.
Estimated sample sizes required for 24-week clinical trials using FVC, UCSD-SOBQ and VAS as primary endpoints were calculated for two contrasting approaches. In the first approach, ANCOVA was used to estimate the effect of treatment on change from baseline to final measurement, adjusting for the baseline value. In the second approach, linear mixed models were used to estimate the effect of treatment on the linear trend in the weekly home measurements; this model included terms for time, treatment and the interaction between them, and accounted for the within-subject correlation of the repeated outcomes. Type 1 error was set at 0.05. Power was set at 80%, and the between-group difference (effect size) was varied from 20% to 50%. The background 24-week "control group" change was assumed to be a loss of 0.05 L in FVC, a one-point decline in dyspnoea VAS, and an increase of six points in the UCSD-SOBQ (based on historical observations) [5, [13] [14] [15] . We performed similar calculations assuming an FVC decline of 0.10 L and 0.15 L over 24 weeks. Study data were used to estimate the standard deviation and within-subject correlation of the outcomes. For the mixed models, pairwise correlations between outcomes obtained 1, 2, 3, …, 23, and 24 weeks apart were used to determine the correlation structure for each outcome. For the ANCOVA analyses, all participants were assumed to contribute at least one follow-up measurement. For mixed-model analysis, loss to follow-up was estimated at 10%, occurring steadily across the 24 weeks of the analysis. Analyses were performed using Stata v.14 (StataCorp, College Station, TX, USA) and R Version 3.3.1 (R Foundation for Statistical Computing, Vienna, Austria).
Results
Study population
In total, 30 patients were screened for enrolment between January 1, 2014 and September 30, 2014. Of these, four failed screening because of difficulties with use of the home spirometer and one withdrew prior to enrolment because of progressive disease. The remaining 25 patients constituted the study cohort. Baseline characteristics of the cohort are presented in table 1. The mean age was 74 years (SD=7.5), 84% were male, the mean absolute FVC was 2.7 L (SD=0.69), and mean FVC percent predicted was 68% (SD=15). Five patients were taking pirfenidone at study enrolment with an additional nine patients initiating therapy during the study period. Reliability and feasibility of home-based assessment The baseline office-based and hand-held spirometer FVC values were highly correlated (r=0.91). In the subset of patients (15/25) with contemporaneous office-based and hand-held spirometry after study completion, correlation remained high (r=0.96). A Bland-Altman plot comparing office and home FVC show good overall agreement (figure 1), with similarly good agreement between change in FVC over time, comparing both techniques ( figure S2 ). In total, 782 home measures of FVC, 827 home measures of UCSD-SOBQ and 820 home measures of VAS were recorded during the entire study period. Mean adherence to home monitoring over 24 weeks was 90.5% (SD=18.3; figure 2a ). Three patients collected less than 50% of the scheduled home readings because of difficulties with the spirometer (n=2) or confusion about the study protocol (n=1). Adherence to home monitoring decreased over time, in particular after 24 weeks (figure 2b). There were no statistically significant relationships between adherence and baseline demographics, lung function or dyspnoea scores.
Analytical efficiency of home-based assessment Weekly home-based assessment of FVC, UCSD-SOBQ, and dyspnoea VAS have discordant impacts on estimated sample size requirements for hypothetical 24-week clinical trials (table 2 and table S1 ). The impact of home-based FVC assessment is profound; in our hypothetical clinical trial, weekly measurement of FVC reduced the estimated sample size requirement by 75% (from 3840 to 951), for 80% power to detect an effect size of 50%, compared with intermittent measures taken solely at weeks 1 and 24.
Home-based assessment of dyspnoea, however, had no meaningful impact on study power. This difference is explained by the correlation structure of the weekly home-based data. Weekly home FVC measurement demonstrated a stable correlation structure (i.e. the within-patient correlation between any pair of measurements did not depend on the time interval between them), whereas weekly dyspnoea assessment demonstrated a declining correlation structure (i.e. the within-subject correlation was lower for measurements obtained farther apart). Specifically, we found the within-subject correlation for FVC measurements was constant at 0.92, whereas the correlation for dyspnoea VAS declined from 0.92 to 0.69, and the correlation for UCSD-SOBQ declined from 0.98 to 0.85. The reduced correlation between measures as the time between them increased has important implications for study power and sample size requirements (see table 2, figure 4 , online supplement and table S1).
Weekly variability and correlation in home-based assessments
The mean and median weekly variability in FVC was −10.5 mL (SD=211) and −10 mL (range −1210 to 1150), respectively, with a coefficient of variation of 8.2% (SD=3.6) (figure 3). The mean and median weekly variability in UCSD-SOBQ was 0.38 (SD=4.9) and 0 (range −24 to 24), respectively, with a coefficient of variation of 7.8% (SD=3.5), while for the dyspnoea VAS, the mean and median variability was 0.03 (0.77) and 0 (range −4 to 4), respectively, with a coefficient of variation of 39.1% (SD=53) (figure S3). Weekly variability in FVC was independent of weekly variability in UCSD-SOBQ or VAS scores with standardised coefficients of −0.06% (95% CI: −0.13, 0.01; p=0.07) and −0.01 (95% CI: −0.07, 0.06; p=0.89), respectively. The weekly variability in UCSD-SOBQ and VAS were highly correlated, with a standardised coefficient of 0.32% (95% CI: 0.26, 0.38; p<0.0001). 
Discussion
Our results demonstrate that weekly home measurement of FVC and dyspnoea in patients with IPF is reliable and feasible over the course of 24 weeks, but that the ability of repeated measures to improve endpoint efficiency depends on certain statistical features of the data. Our data suggest that weekly home-based measurements of FVC have the potential to improve the efficiency of clinical trials while mitigating issues of missing data [16] , but this may not be true in all circumstances, as illustrated by measures of dyspnoea. We believe our results validate the experience of RUSSELL et al. [9] , and demonstrate home-based assessment to be a reliable and feasible method of endpoint measurement in most patients with IPF. We had four patients (13%) who were unable to use the home spirometer, but the vast majority found it easy to manage and demonstrated excellent compliance for 24 weeks. Compliance worsened with prolonged use, and this may be an important issue when considering trials of longer duration. Compliance with home dyspnoea assessment was similarly excellent. No clear predictors of reduced compliance were found in this cohort. Data on reasons for discontinuation were not systematically collected. Blinding of study subjects to data generated by home measurement tools is possible and may be advisable, particularly in randomised blinded trials of therapeutics. Concerns over witnessed lung function decline may or may not prompt study patients to withdraw because of concerns over their allocated treatment arm. Real-time wireless uploading of spirometry data and other outcome measurements to a central portal that can be monitored may be an important tool to improve compliance, as adherence to home testing can be monitored in real time. It is likely that larger numbers of patients with varying levels of compliance will be needed to address this issue more thoroughly.
The relevance of data correlation structure to the analytical efficiency of home measurement is an unanticipated and important finding that deserves careful consideration. A common assumption of repeated measures analysis is that the within-subject measurement correlation is exchangeable, but as our data demonstrate, this is not always the case. In data with exchangeable correlation, the within-subject correlation between pairs of measurements does not depend on the time interval between them. With declining correlation, the within-subject correlation is lower between measurements obtained further apart in time. In practical terms, between-group differences in trend are relatively easy to detect in repeated measures data with exchangeable correlation. By contrast, weekly repeated measures data with declining correlation may provide little more information about between-group differences in trend than do pairs of measurements obtained at the beginning and end of the study. This implies that investigators planning a trial will need reliable pilot information about the correlation structure of the outcome in determining the potential utility of obtaining weekly home outcome measurements. We have provided sample size calculations for illustrative purposes to highlight the importance of correlation structure, and these numbers are not intended for clinical trial planning purposes. Careful work should be undertaken to better characterise the role of home monitoring to measure specific outcomes in more diverse populations.
Another key and cautionary finding was that weekly variability in home measurements of FVC, UCSD-SOBQ, and dyspnoea VAS was high. For FVC, 8% of patients demonstrated more than 10% variability in measurement from week to week, despite the high correlation of office-based and home-based measurement. This suggests that clinical confirmation of FVC decline, particularly in the absence of other findings of disease progression (e.g. worsened dyspnoea, oxygenation, or radiographic appearance) is essential to protect against the impact of random measurement error on the clinical assessment of disease course. Week-to-week effects of random measurement error may also explain the lack of correlation seen here between changes in FVC and changes in dyspnoea. Alternatively, the lack of correlation may be explained by the complexity of self-reported dyspnoea in patients with IPF, as dyspnoea is a symptom of multifactorial aetiology. Short-term fluctuations may be affected by factors other than FVC, and this warrants further study.
Our study has some limitations. This was an exploratory study and the sample size was small, although large enough to reveal nuanced statistical implications of repeated measures modelling. Our study cohort was established from an academic referral centre for ILD, and our findings may not be broadly generalisable. Larger and more diverse populations should be studied to further characterise the role of home monitoring in IPF. We cannot conclude whether one spirometry device performs better than another, or whether daily, weekly or some other frequency of home monitoring provides the optimal number of data. We arbitrarily selected weekly rather than daily spirometry with the goal of efficiently addressing our study hypothesis and achieving balance between data acquisition and patient burden.
In summary, we believe our findings demonstrate that weekly home assessment of FVC and dyspnoea is reliable, feasible and informative over the course of 24 weeks in patients with IPF. Home measurement of clinical endpoints in clinical trials has the potential to greatly improve analytical efficiency of clinical trials by reducing the sample size required, but this depends on the outcome-specific correlation structure of the repeated measurements -something that warrants careful study in future clinical trials through the incorporation of home-assessment outcomes as exploratory endpoints. weeks. These plots demonstrate a compound symmetrical correlation structure: that is, the correlation between any two measures within an individual is independent of the time lag between the two measures. b) Home dyspnoea visual analogue scale (VAS) scores over time for two simulated patients typical of the sample. The circles represent each weekly VAS measure and the dotted lines represent the individual's modelled linear trajectory over 24 weeks. The plots demonstrate a declining correlation structure: that is, the correlation between any two measures within an individual decreases as the time between the two measures increases.
